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OVERVIEW 


The Space Engineering Research Center (SERC) at started in 

July 1988, has completed two and one-half years of research. This Semi- 
Annual Report presents annotated viewgraph material presented at the 
January 1991 Steering Committee and Technical Representative Review. 

The objective of the Space Engineering Research Center is to develop 
and disseminate a unified technology of controlled structures. There has 
been continued evolution of the concept of intelligent structures (including 
in this past year the first successful embedding of a microelectronic 
component into a structural element). Nine faculty and thirty-five graduate 
students and a like number of undergraduates through the Undergraduate 
Research Opportunity Program (UROP) participate in the activities of 
SERC, drawn from the Departments of Aeronautics and Astronautics, 
Electrical Engineering and Computer Science, and Mechanical 
Engineering. 
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A CST DESIGN METHODOLOGY 
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INTERFEROMETER: EXAMPLE OF CST DESIGN 
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MODE Program 
(Progress in Past Year) 
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Multibody Testbed (Overview) 
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designed (e.g., realtime computer, up/down link, etc.) 
Testbed hardware and control analysis development satisfy 
various flight specific requirements. 
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Recently, an effort has been made to develop large, 

SPACE-BASED ASTRONOMICAL INSTRUMENTS SUCH AS THE HUBBLE 

Space Telescope (HST) and its possible successor, a space- 

based OPTICAL INTERFEROMETER. THE OPTICAL ELEMENTS OF 
THESE AND OTHER FUTURE OPTICAL INSTRUMENTS MUST BE HELD 
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LOSS MECHANISMS UNDERLIE MANY PASSIVE DAMPING 
AUGMENTATION SCHEMES, THE MEASURED TRENDS OF DAMPING VS. 
STRAIN LEVEL CAN ALSO BE EXTENDED TO THESE DAMPING 
ENHANCEMENT SCHEMES. 



Approach 


WO 

3 



0) 

<3 S 

3 

u <3 


•cL 73 
.S' 13 

• 1-4 

E 

<B 

4_> 

«4-l l-H 

0) 

0 4» 

T3 

C/5 <3 

O 

G G 

4-4 

^ 3 

O 

E £ 

u 

«3 

“ c 

£ 

T5 

(3 

a; £ 

X 

'S <■£ 

C/5 

3 u 

C/5 

4-1 

_ OJ 

2 

(3 3 

4-» 

^ *3 

, 

•e E 

03 

"0 Jr* 
£ a> 

>-4 

3 


^3 <D 
u 

^ 4 -» 

£ CD 

^ *-5 
u .2 

03 *r 
o o> 

4-1 

(-» <3 

S S 3 

s> 


3 

(3 

(3 

4-* 

t-4 

u 

u 

0/ 

CJ 

u 

«-4 

(3 

4-4 

Oh 

C/5 

C/5 

a> 


H 


• 



E- 

3 a> 

3 .ts 
•3 x 
. & a 

3 5 
< U 
1 1 


u 

3 

u 

4-» 

C/5 


WO 

3 

‘cL 

£ 

<3 

"O 


a» tc 
u »-« 

(3 3 

cu*g 

“ 3 
03 £ 

.a « 
8r c 

2 a* 
O 60 
u 3 
Cu £ 

4-1 *3 

C/5 U 
0> 

H 


Space 'Engineering 'Kssearch Center 



Test Specimens 
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AFTER INSTRUMENTING THE MATERIAL AND STRUCTURAL 
DAMPING SPECIMENS, TESTS WERE PERFORMED TO OBTAIN VALUES 
OF CRITICAL DAMPING RATIO. FIRST, THE MATERIAL DAMPING TEST 
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Test Procedure 
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Actuators 



VI 


e 



motors - 38.1 mm x 12.7 mm x 0.53 mm 

Actuators bonded directly to tips of material damping specimens 
using 3M 2215 adhesive 
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Tests over the range of larger strain (1 to 1000 lie) 
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INSTRUMENTED STRUT. 




Like the material test results, the structural damping 
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INTERFEROMETER TESTBED DAMPING 
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Results from both tests performed to characterize 

THE BEHAVIOR OF MATERIAL AND STRUCTURAL DAMPING, SHOW 
THAT THE BEHAVIOR OF DAMPING CAN BE DIVIDED INTO TWO 
DISTICT REGIONS. THE BOUNDS ON THESE REGIONS DEPEND ON THE 
GEOMETRY OF THE TEST SPECIMENS. IN THE REGION OF SMALL 
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DAMPING SPECIMENS, THIS RESULT IMPLIES THAT THE PRIMARY 
SOURCE OF THE STRUCTURAL DAMPING OF THE TESTBED IS IN THE 
JOINTS AND ATTACHMENTS. 
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The Virtues of Passive Damping 
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The Virtues of Passive Damping 
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PHASE STABILIZATION WITHIN THE BANDWIDTH 
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Gain Stabilization Beyond Bandwidth 
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Gain Stabilization Beyond Bandwidth 

Narrowband Vibration Isolation 
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Narrowband Vibration Isolation 
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Phase Stabilisation Within Bandwidth 
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Phase Stabilization Within Bandwidth 
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Phase Stabilization Within Bandwidth 
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Phase Stabilization Within Bandwidth 
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The Virtues of Passive Damping 
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The Virtues of Passive Damping 
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Overview 
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Spacecraft Disturbances 



I. Exponential (E): 10*6 =>10-2 Hz 

A. Environmental disturbances (GGT, Aero, Rad’n, Mag’nt) 

B . Gross thermal-mechanical deformations 

II. Low Frequency Periodic (L): ~10* 2 => 1 Hz 

A. Flexi-body interaction torques (damping), and momentum exchange with flexible 
appendages and movable elements; vehicle fundamental mod e s 

B . Internal thermal-mechanical fluctuations: active cycling of electric heaters; cyclic 
operation of dissipating devices 

C. Fliud slosh: propellant, cryogenics 

D. Low frequency electromechanical 

III. Med. Frequency Periodic (M): -1 => 200 Hz 

A. Electromechanical devices: RWA/CMG's, dat a recording devices, servomechanisms, 
pumps, displacement actuators, active mounts, etc. 

B . Stiffer' flexi-body interactions 

C. Higher harmonics of fluid slosh 

IV. High Frequency Periodic (H): -200 => + Hz 

A. Higher harmonics of electromechanical devices 
B Electrical noise: AC current 

V. Random (R): 

A. Fluid turbulence: broadband 

B. Friction 

C. Sensor /electrical noise (photon, thermal, shot): broadband 

D. Micrometeoroid impact: very low freq 

E. Non-periodic gimballing (thrusters, sensors, antennae): low freq 

F . Thruster firing - transients: low-high freq 
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CST Tools 


Passive Structural Techniques: 

Structural Design 
Thermal Control Techniques 
"Zero" CTE Structures 
Structural Tailoring (Jacques) 

Passive Damping: 

Material Damping 

Structural Damping: bonded /mechanical interfaces 
Space Viscoelastics 
Friction Dampers 

Vibration Absorbers: resonant / viscous dampers 
Shunted Piezoelectrics (Hagood) 

Vibration Isolation: 

Passive Isolation: soft/tuned mounts 
Active Isolation (Schribner, Stampleman,...) 

Active Structural Control: (Control Weenies,...) 

Active Damping 
Shape Control 

Optical Compensation Techniques: 

Active Optical Elements, Delay Lines,... 

Image Reconstruction Techniques,... 

Attitude Control System 
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System Approach to Disturbance Minimization 
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Command Shaping Structural Control Optical Compensation 

Attitude Control Quasi-static Correction 
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Space-Based Interferometer: 

OPTICS 



• Illustrates Need for Total System Approach: 

Distributed Disturbances and Sensitive Elements (Optics) 
ACS; Science / Guidance Interferometer 
Internal / External Laser Metrology 

CST Tools; Optical Compens.; Image Reconstruction;... 

• • • 

• Numerical Model 
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Power Subsystem Design Summar 
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Subsystem Desi 
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Power Subsystem Desig n 
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Levels of PCD Control and Damping, and Maximum RTG Flow Noise. 
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Need to use CST techniques in combination 
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ISOLATION 
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Sources: machinary, mirrors 
Destinations: mirrors, payloads, laboratories 
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ISOLATION PROJECTS 
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Disturbances 


ORBITAL - "Static" 


1C? h* 


t -j\ j/A^ 


• Gravity Gradient 0.5 jig / m offset from the 

platform c.g. in the direction of 
the orbital radius in LEO 


5 meter bays 


I 5N\N 


2 micro-g 





4 


1 micro-g 


Space Station Low Frequency Acceleration gradient 


• Aerodynamic The major disturbance torque in 

LEO 


• 1 Mg is approximately a 3 mm sinusoid at 0.01 Hz 
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Isolation of a Space Station 
Laboratory Facility 


Acceleration Environment and Specification: 

ref : Jones, Owens, and Owen, " A Microgravity Isolation Mount," 
Acta Astronautica, Vol. 15, No. 6/7 1987 
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a = desired 
b = anticipated 
c = required 
isolation 


• Mount travel of less than 1 cm. must be 
accommodated 

• Prevent 6 axis payload drift (bias force ~ 1 mN) 

• Accommodate umbilical cord (uncertain dynamics) 
or non-contact substitutes which allow 

1) Data Transfer, 

2) Payload Cooling, and 

3) Power Flow. 

• Passively stable, graceful failure 
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ATTACHMENT 2 
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Why Not Passive Isolation? 
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basebody 


mount 


payload 


m p Payload mass 
k m Mount stiffness 
x p Payload displacment 

x Basebody (space stadon) 

JS disturbance displacement 
f Control force (from actuator) 



If m p = 100 kg., then k m < 0.4 N/m and static 
deflection = 0.75 mm. ( k te ie P hone * 20 N/m) 


Conclusion: • Active isolation needed only if a stiff 

umbilical cord is needed 
• Otherwise use soft passive springs 

Control/Isolation Goal is to lower the resonant 
frequency, f r , below 0.01 Hz 
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Control Problem (Each avisl 



Frequency (Hz) 


Open loop response 
(umbilical cord plus 
mount) 

Isolation 

specification 

Desired closed loop 
response 


• Km ~ 40 N/m to bury the uncertain umbilical cord 
dynamics 

• Axes decoupled by using modal analysis 

• At least a factor of 10 active enhancement of 
isolation is necessary between 0.01 Hz and 10 Hz 


® Compensator (each axis) from accelerometer to 
control force is lag/lead,lead/lag 





Mount is essentially passive outside the active ranee 
of 0.01 Hz < f < 1 Hz 6 
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The PVDF Actuator 


(SIZED TO OVERCOME A 40 N/M MOUNT STIFFNESS WHICH 
INCLUDES BOTH THE ACTUATOR AND UMBILICAL CORD) 



1 cm. 



• Layered PVDF piezoelectric film used in a 
"bimorph" format 

• Arcs can be used in various configurations as semi- 
active mounts 

Each Arc: • internal modes > 40 Hz 

• can overpower itself for 1 cm. 


travel 

• workable example: 
width = 0.05 m 

radius = 0.04 m 

layer thickness = 28 Jim 

number of layers = 6 

force @ 1 cm. travel = 0.12 N 

piezoelectric induced 
force 


0.13 N 



PRELIMINARY PERFORMANCE MEASUREMENTS ON A 3 -AXIS 
MICRO-GEE LABORATORY ISOLATION DEMONSTRATION. 
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Accomplished : (1990) 



Preliminary Data : (Open Loop) 


X- Direct ion Transfer Function 
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IMPULSE SEQUENCE DEVELOPMENT 
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SHAPER POSITION IN CONTROL SYSTEM 
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presence of disturbances 
design low-order controllers that 

- ignore detailed plant dynamics 

- incorporate some plant knowledge 
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Active Mirror Mounts 
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SISO ANALYSIS APPLIED TO TESTBED FE 
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Positioning of Small Mirrors on a Flexible Structure 
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INTERFEROMETER PERFORMANCE 
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Narrowband Vibration Isolation 
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Narrowband Vibration Isolation 
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Summary 


Microgravity isolation is easily achievable 
Active isolation only required by stiff umbilical cord 
This mount is passive with active enhancement 


Future Work 

Six axes ground demonstration too difficult 

Perform 3 sequential 3-axis demonstrations with 6- 
axis hardware 


Fly with a microgravity customer 
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STEP INPUT CONVOLUTION 
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DRAPER RMS SIMULATION RESULTS 
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MDF RESULTS - UNSHAPED INPUT 
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1HE SAME MANEUVER, UTILIZING A SHAPED COMMAND, 
RESULTS IN ABOUT 90% LESS RESIDUAL VIBRATION. 
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MDF RESULTS ■ SHAPED INPUT 
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MACE SYSTEM SCHEMATIC 
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FUTURE WORK 
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Temporal compensators, such as some matched 
terminations, cannot be implemented due to causality 
constraints. 
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Eigenfunctions of beam pinned at one end with root 
inertia and tip mass and inertia. 
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A SECOND MOTIVATION FOR THE USE OF AREA-AVERAGING 
SENSORS IS TO DEVELOP OTHER TYPES OF SENSORY DYNAMICS WHICH 
ARE NOT ACHIEVABLE USING A TEMPORAL COMPENSATOR. ONE 
SUCH EXAMPLE IS TO DEVELOP A SENSOR WHICH EXHIBITS 
MAGNITUDE ROLLOFF WITH FREQUENCY ( A LOW PASS FILTER) 
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• Want to roll off controller gain. 
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Approach — Sine Function Sensor 
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A SINC FUNCTION SENSOR WH 


Q W 

CO 

s < 


W Eh 

m h 


S S w 

sgsjg 
S? „ « 3 

I §« S 

I « I 

3 Q > M 

QO O § 

w 2 e § 
3 a $ 

5 J? P 9 

H S « 

° £ x TO 

||S| 

w w £ 

« « ffi a 

o O Eh S 
CO <J _ HH 

JZ O J 

y Q Eh H 
CO O ^ 

w og 5 

« ° Q 3 
^ £ p 

H W P 

o W 3 3 

E3 ^ t» & 
O E - 1 « O 

H B I | 


5pacc ‘Engineering Research Center 



Experimental Results — Sine Function Sensor 
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MOTIVATION 
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Are there alternative state functions which simplify implementation? 
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APPROACHES TO FINDING THE FEEDBACK 
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This results in a change of integration limits to find the curvature 
kernel. 


A FINAL WAY IN WHICH AREA-AVE 
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MOTIVATION: Why Sense Waves? 
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Transform Charactertiestics: 
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APPLICATION TO NONCAUSAL WAVE CONTROL 

(A Pinned-Free Example) 
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ea-averagmg sensors are applicable to: 

- Control of flexible structures, 

- Control of aeroelastic structures, 

- Energy transmission control in isolation systems. 
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Motivation 
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Objective 
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EASILY EXTENDED TO THE MULTI INPUT MULTI OUTPUT 
CASE. 



Definitions of Zeroes 
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Zeroes are the frequencies at which the summation is zero or 
when cviwiTb, the modal residue, is zero. Observability and 
controllability are available directly. 


a *OZ»MZJ#a 

S? 2 S«P<oq 


W hP 
ffi Ph < 


£ E-l fc O 


h a 


fe o 


M S S« gg:z;°S< 

Ohj 6 h 5 D§ Eh 2 ; 

^ £ w S S° 

1 « 2 H jg g 

^r“ 3 wQ^g|SS 

Hfc jPOH? 2 «fe 


. O Q 55 ^ 

55 « E H a 


Eh Ph W 
£ . >? 






a < 

w g 


2 ^h h S 


3 |§>- 2 |tHg^| 

W E-* S H O Q PQ O 


u J H ^ hJ H ^ 

S^^ u S 2 dS 


W H g 5 O O 

S g S § 5 fc fe 

w ptj 5 ^ & <J 


s&ids^ssis 


oopgo 
« ^ ^ fe 

pL, > P 3 

« w 

. E-i W Pi 
rn --. 


Ph Eh 
O 


go w S j < 


w o 

Eh « 


* g 5 « * 5 « 

P5g° fl ^5 

50 SK,zKm< 

S K 5 H 5 w 

Ph K ^ CO _ 


Q > 

S3 w 


>Bq>h 5 ^o 


Eh < 


H w 


HH -—. ^u, i— j ^ (H. . I— I l-rt 

w^w^^mn^pqgaq 

ogQS^oSo^.^ 


hJOoi 


ry| ^ <3 c-^ (_J] ^ 

^IHHhPOhhSS 

StftnfeOPife^|S 

MHWWhCWO^ 

<ooq^uqq<JS 



Space ' Engineering Research Center 


Definitions of Zeroes. Cont’d 
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dmerence 1+1 \pg(s) in the limit as p->0. 

Observability and controllability must be calculated separately. 
This definition yields the result that the zeroes are the poles at 
high gain of the closed loop. 
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TWO TABLES WERE CONSTRUCTED FOR A VARIETY OF SENSOR 
AND ACTUATOR COMBINATIONS. ONE TABLE CORRESPONDS TO THE 
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Dual and pseudo-dual sensor/actuator pairs for structures repre- 
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Impedance of Actuator and Sensor Pairs 
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Results of Parametric Impedance: Study 



fe cri 

O Oj 
M 



Space 'Engineering ‘^search Center 




A PARAMETRIC STUDY OF THE SENSOR/ACTUATOR PAIR TO 
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Location of Actuator and Sensor Pairs 

A method was developed for exact solution of zeroes. 
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Free-Free Beam with Collocated, Displacement 

Sensor and Force Actuator 
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OCCURS DISTINCTLY SEPARATE FROM A LOSS OF CONTROLLABILITY. 


Sensitivity, of the Zero Frequencies 
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attributes is zero. 

The sensitivity of the zero at a pole-zero cancellation is no longer 
zero when the sensor and actuator are non-collocated or non- 
dual. 
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FreezFre e Beam with Slightly. Nnn-Collocated 
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Free^Free Beam with Non-Collocated Displacement 
Sensor and Force Actuator at one etui 
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Effect of Modelling on the Zero Frequencies 
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Conclusions 

The prediction of zero frequencies is dependent on the modelling 
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SEVERAL DIFFERENT MODELS. ANOTHER IS THE DESIGN OF A STABLE 
H2-OPTIMAL CONTROLLER. THE COST CAN ALSO BE RELATED TO THE 

H2/H00 cost of Zhou et al., and, as in the standard Hoo 

PROBLEM, TO DIFFERENTIAL GAMES. 
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This work addresses the problem of adding robustness 

TO CONTROL DESIGNS WHERE THE PLANT UNCERTAINTIES ARE 
CHARACTERIZED BY UNKNOWN PARAMETERS. In PARTICULAR, THE 
PROBLEM OF STABILITY ROBUSTNESS IS EXAMINED. WHAT IS 
DESIRED IS A CONTROLLER DESIGN METHODOLOGY WHICH WILL 
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CONTROLLED STRUCTURES. 
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Motivation: Controlled structures typically have real parametric 
uncertainty. 

Examples: Uncertain stiffness, natural frequency, or damping. 


Q 
W 
H 
PL| 

S 

O 
Pd 
Ph 

H ffl 
CQ W 

S M 

CQ H 
O 

Ph 


p-^ 

§ 


ZOH 
< h ju 

° Q^ 1 

bd W 

gS «5 

^ w 
£ „ 

S'o 
2« 
w 

o 


Ph 

o 


Pd 

w 

hQ 


5h 

Q 

O 


H 

£ 

O 

o 


o 

Eh 

02 


o 

CQ 

3 

o 


CQ W 
CQ 

5 S H 

£ga 


w 

CQ 

o 

w 

Eh 

w 

CQ 

hQ 

hQ 



o £ 

g£a. . 

nOWQ 

n^>0 

CQ W H 

r . A 


g £h Ph 


CQ 

^ O CQ Q 

< g Q O 

h o o a 

« Eh 

W w H pq 

CD § 

«£§1 

W £ ES3 C 

Lj 4 < H A 

o g g o 

Eh Ph £h M 

r w W ^ 

Eh rj CQ p 

a § - 
o e 
o P 


w 22 w 

«£« 
t-i CQ 


hh n 

Eh ° 

s a 

pH rj 

CQ X 


K Eh CQ 
Q W Eh 
3 CQ CQ 

i—f r_H 


CQ 


H CQ 

t-H 

Pd CQ 



ffi H Q 

H < g £ 

si gif 

a * § § 

Sgoo 

gSzg 

ra td f c-» 

cogs w 

33 co Pp* 

O § Of- 1 

a a « 


*•> CQ H 
£ ^ Ph 

g< 2 g 

£ag 

£ w < 

Jj ffi Eh 
CQ 

r-r w 
P3 Eh 

£ 6 a 

5 Eh CQ 

< W>h 

CQ -d 

£ S s 
h w 6 

^ Pd < 

gog 

£ w e 

Pd 

£ p 

°CQ% 
P > Ph 

wop 

2 55 « 

< n W 


Wffigg 
O O 5 


w 


CQ 


Pd 


UU r— < r 

NKBo 

3 <j o CQ 


o 


CQ 


o£?q 


o 


sag 

m qS 

2 s< 


Ph 


W* 



THAT THE DESIGN TECHNIQUE FORCES THE CONTROLLER TO 
STABILIZE A MUCH LARGER SET OF SYSTEMS THAN THE HIGHLY 
STRUCTURED SET USED IN THE DESIGN. STABILIZING A LARGER SET 
OF SYSTEMS CAN LEAD TO UNNECESSARILY HIGH COSTS AND 
CONTROL GAINS. 



Background in Robust Control Synthesis 
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eterized Lyapunov equations. 
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Stochastic Operator Methods 
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Perturbation Expansion 
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AN ALTERNATE METHOD FOR COMPUTING THE AVERAGE 
SOLUTION OF A STOCHASTIC LINEAR OPERATOR IS THE DYSON 
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Dvson Equation 
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- First two term in the Averaged Perturbation Expansion 

yson Equation Truncation- Bourret Equation. 

- First term of the M operator retained. 




s°oggg w 
5 ! £ g ^ t o 

S 3 § 5 ”°«< 

S * p H < m g 

“asShw< 



< g & 

jP jsa 2 z 

<3 w ^ 2 o ^ 

« !5 K O S ^ 

^ r_i CL-i 


HH ^ 

H 12 ; 


2 m 3 

S « ' 


9 S ' K r, W r, 

d> o £ 3 £ g 

O*^ H < Q Q ° 


'O' r , ^4 L_J U_J 

, CQ ^ W H 2 
s W 52: ^ fr 1 > H 




>4 W £ 

J @ O 

£ £ O w g 

OWrnw^ 

o w 2 > S 

^ Q ^ ^ 5 

^ l-H Ch O 


CO O 

g w 

w rr*. 


5 g° 

r "v 


CO 


< 

n 

O ca 

HH " 

H E-i 
<3 co 
£ tf 


c a* h * hh i-j a 

5 3 < *T Eh O' S 
w H 3 o 3 w 
3 £ 5 »S £ 

h ? O > H Z ^ 
^ ^ P W n ^ 


a n o 

_ <3 p O* K w 
H p < H H co 


H 

§ 


Space 4 Engineering %$ search Center 



Perturbation Expansion Approximation 
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The two sets of Lyapunov equations are coupled hierarchically 
and easily solved. 
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Dyson Equation Approximation - Bourret Equation 
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Illustrative Example 
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Cost Versus Uncertainty 
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NOW THAT TECHNIQUES HAVE BEEN ESTABLISHED FOR DEALING 
WITH THE UNCERTAINTY IN THE CONTROL DESIGN, A SYSTEM 
DESIGN METHODOLOGY CAN BE DEVELOPED TO COMPLEMENT THE 
ROBUST CONTROL DESIGN PROBLEM. THE FIRST STEP IS TO 
FORMULATE THE COMPLETE PARAMETRIC ERROR MODEL USING 
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System Design Philosophy 
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Design Validation on Complete Error Model 

- evaluate design robustness in the presence of all model errors. 
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Once which uncertain parameters will be included in 
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Uncertainty Truncation 
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arrived at by approximation or overbounding techniques. 


THE PROCESS OF ACTUALLY FINDING THE 
CONTROLLER GAINS INVOLVES A TECHNIQUE KT 
HOMOTOPIC CONTINUATION. THE GENERAL TECHNI 
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Solution Techniques for Controller Gains 
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Robust Control Sample Problem 
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Bourret Dynamic Compensation 
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Bourret Achieved Robustness 
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In conclusion a new class of controllers has been 

INVESTIGATED WHICH IS BASED ON MINIMIZING QUANTITIES 
RELATED TO THE QUADRATIC COST AVERAGED OVER A 
PARAMETERIZED SET OF PLANTS. SINCE THE EXACT AVERAGE 
QUADRATIC COST IS DIFFICULT TO OBTAIN, APPROXIMATIONS AND 
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Conclusions 
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Future work to focus on applying these techniques to more 
realistic systems (Interferometer). 




CONTROL OF A CLASS OF SYSTEMS 



Space 'Engineering search Center 



o o w < 

H 



Space ' Engineering Research Center 



Understand existing design tools and develop new methodologies 
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Assume full-state feedback (will relax later) 
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TECHNICAL FRAMEWORK 
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SUMMARY OF ROBUST DESIGN 
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Preliminary Design of Controlled Structures 
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ON CLOSED-LOOP PERFORMANCE. 
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An Example: Beam Problem of Haftka and Onada 
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